Recent reduction in high-latitude sea ice extent demonstrates that sea ice is highly 52 sensitive to external and internal radiative forcings. In order to better understand sea 53 ice system responses to external orbital forcing and internal oscillations on orbital 54 timescales, here we reconstruct changes in sea ice extent and summer sea surface 55 temperature (SSST) over the past 130,000 years in the central Okhotsk Sea. We applied 56 novel organic geochemical proxies of sea ice (IP25), SSST (TEX 
Introduction 84
Sea ice is one of the crucial components of the Earth's climate system, in part, due 85 to its high reflectance or albedo, which influences energy budgets at both high and low 86 latitudes (Serreze et the average reduction rate in September sea ice extent, 13.4% per decade during 1981-97 2010, is higher than predicted by most model simulations (Serreze et al., 2016) . This 98 discrepancy emphasizes the limited knowledge of the high-latitude climate system to 99 radiative perturbations and natural variability. In addition, a slow overall increase in 100 annual mean sea ice extent in the Southern Ocean (ca. 1.6% per decade during 1979-101 2013), raises further questions regarding the relationships between anthropogenic 102 radiative forcings, temperature, winds, and sea ice cover (Turner et al., 2016) . have been conducted on orbital timescales. As such, the roles of insolation (external) 133 and greenhouse gas radiative forcing (internal) on sea ice variation remain poorly 134 understood. Therefore, long-term reconstruction of sea ice extent in the central Okhotsk 135
Sea would be especially informative in understanding the interaction of sea ice and 136 external/internal climatic forcings. 137
138
In this study, we reconstruct variations in sea ice extent and summer SST (SSST) 139 using organic geochemical proxies and compare the proxy-derived records with Earth 140 system modelling results in order to identify controlling mechanisms and interactions 141 between sea ice and atmospheric-oceanic forcings in the Okhotsk Sea during the past 142 130,000 years. Our results reveal a strong precession control and a potential greenhouse 143 gas induced radiative forcing threshold on sea ice variations since the penultimate peak 144 interglacial period. 145 146
Regional setting 147
The Okhotsk Sea represents the southernmost region of contemporary seasonal 148 sea ice formation in the Northern Hemisphere and has experienced a large decline rate 149 of 11.4% per decade in sea ice extent during the past three decades (Kashiwase et al., 150 2014 ). The regional current system is affected by the north-and south-ward flowing 151
West Kamchatka Current (WKC), East Sakhalin Current (ESC), salty-warm Soya 152
Warm Current (SWC) and freshwater input from the Amur River (Fig. 1) . The SSST is 153 in the range 5-13°C, while salinity varies between 31.5 to 33.2‰, being influenced 154 mostly by the Amur River discharge (Luchin et al., 2009 were eliminated to prevent bias when performing sedimentation rate calculations (Chou 171 et al., 2011) . In this study, we used sediment of the upper 700 cm to generate sea ice 172 and SSST histories covering the past 130,000-yrs. To complement the long-term 173 records, we also examined biomarker content in a number of surface sediments from 174 the region ( Supplementary Fig. 2, Supplementary Table 3) . 175 176
Sediment core XRF scanning 177
Non-destructive X-ray fluorescence (XRF) scanning was performed by the 178 ITRAX @ COX company. Continuous downcore measurements of elemental variations 179 were done in the ITRAX-XRF Core Scanner Laboratory, Department of Geosciences, 180 National Taiwan University (Huang et al., 2016) . A U-channel of core MD01-2414 was 181 scanned using the 3 kW Mo source. The XRF measurements were analyzed at 30 kV, 182 24 mA, 2 mm resolution with a 30 second exposure time. The original XRF spectra 183 were processed by the Q-Spec software provided by COX Analytical Systems to obtain 184 element peak areas in counts. 185
Age model 187
The MD01-2414 age model was established based on accelerator mass 188 spectrometry radiocarbon (AMS 14 C) dates and XRF data correlation to the global 189 composite benthic foraminiferal oxygen isotope curve (LR04, Fig. 3H ; Lisiecki and 190 Raymo, 2005 2). We assumed the log (Ba/Ti) ratio to represent a biological/terrestrial input ratio for 207 our study site and this ratio varies with glacial/interglacial (G/IG) sea level changes due 208 to global ice volume variations. During glacial periods, the west and north parts of the 209 continental shelf were exposed in the Okhotsk Sea and more terrestrial sediment was 210 transported to the central basin. On the other hand, during intervals of sea level rise, the 211 central Okhotsk Sea became a region associate with a major biogenic bloom. Such 212 biogenic/terrestrial distributions are supported by a previous surface sediment study 213 (Strakhov et al., 1961) . The similarity of the log(Ba/Ti) ratio of Site MD01-2414 to the 214 LR04 is shown in Fig. 3H , and it persists for older intervals ( Supplementary Fig. 1 ). 215
The LR04 time is based on comparison to the Imbrie and Imbrie (1980) ice model, and 216 the fit for the last glacial cycle is excellent between the model, LR04, and the log(Ba/Ti) 217 ratio. The Imbrie and Imbrie (1980) and centrifugation (2500 rpm; 1 min) following addition of internal standards (9-254 octylheptadec-8-ene, 9-OHD, 10 µL; 10 µg mL -1 ) for quantification purposes. Dried 255 (nitrogen) total organic extracts were re-dissolved in hexane (ca. 1 mL) and purified 256 using column chromatography (silica), with IP25 and HBI III (hexane; 6 mL) collected 257 as a single fraction. Non-polar lipid fractions were further separated into saturated and 258 unsaturated hydrocarbons using glass pipettes containing silver ion solid phase 259 extraction material (Supelco Discovery ® Ag-Ion). Saturated hydrocarbons were eluted 260 with hexane (1 mL), while unsaturated hydrocarbons (including IP25 and HBI III) were 261 eluted with acetone (2 mL). All fractions were analyzed using gas chromatography-262 mass spectrometry (GC-MS) and operating conditions were as described previously 263 
Time series analyses 314
Cross spectral analysis was done using AnalySeries (Paillard et al., 1996) and its 315
implemented Blackman-Tukey method using a Bartlett window. Cyclic variations in 316 the IP25 and SSST data were identified (Supplementary Table 2 Organic geochemical proxy analysis shows dramatic G/IG cycles in both sea ice 376 extent and SSST (Fig. 3A, E Fig. 3 ). In contrast, the variable occurrence of 388 prevailed during most of the MIS 5d-5a and last glacial periods (Fig. 3A, E) , supported 391 further by the observation of maxima in the modelled November sea ice index (Fig.  392   3B) . 393 394
Precession-cycle control of Okhotsk sea ice change 395
When examined in more detail, the proxy and model-based sea ice extent in the 396 central Okhotsk Sea during 117-30 ka shows a cycle of sea ice expansion and retreat 397 that follows generally the same trend as local autumn insolation (53 o N September-398 November, SON). In contrast, no satisfactory trend was identified between 399 proxy/model data and other seasonal insolation (i.e. spring/summer/autumn). The 400 general occurrence of IP25 throughout this interval is, however, punctuated by four 401 intervals where IP25 is absent. For three of these (i.e. MIS 5c (~97 ka), 5a (~75 ka) and 402 early MIS 3 (~55 ka)), HBI III is also relatively low (but quantifiable) and coincides 403 with low-intermediate values of biogenic opal and SSST (Fig. 3) . We interpret these 404 findings as indicative of extremely low or absent sea ice at these times, with generally 405 lower SST and productivity, at least in comparison with the relatively warm and 406 productive MIS 5e and Holocene. In support of this conclusion, relatively low 407 (November) sea ice extent is also observed in the modelled data (Figs. 3B, 4B) . 408
Although the boundary conditions associated with IP25 presence are not currently fully 409 understood, the production of this biomarker by certain sympagic diatoms during the 410 spring bloom (Brown et al., 2011) likely requires that sea ice cover extends at least 411 beyond the winter months in order for this biomarker to provide a positive signature in 412 underlying sediments. Further, IP25 concentration in surface sediments from other 413 regions is generally positively related to the extent of the overlying spring sea ice cover, 414 even though a lower limit threshold has not, as yet, been identified. Indeed, the majority 415 of the previously reported IP25 data show lowest concentrations (bordering on limits of 416 quantification in some cases) for subarctic locations characterized by low (e.g. <20%) 417 spring sea ice extent, including the Okhotsk Sea ( Supplementary Fig. 2 ), the 418 neighboring Bering Sea (Méheust et al., 2013 ) and the Barents Sea in the eastern 419 subarctic (Köseoğlu et al., 2017) . As such, it is feasible that some regions experiencing 420 extremely low spring sea ice concentration (e.g. <10%), or sea ice of relatively short 421 seasonality, may not be amenable for study using the IP25 method. Further, not all sea 422 ice diatoms produce IP25, even if the known producers are considered widespread 423 (Brown et al., 2014) . This potentially explains, in part, the absence of IP25 in the 424
Holocene record of MD01-2414 despite previous reports of some sea ice diatoms 425 during this interval from the same core (Wang and Wang, 2008) . 426 427 An alternative interpretation of the biomarker data for the three intervals MIS 5c, 428 5a and early MIS 3 is that permanent sea ice cover prevailed at these times. However, 429
we consider this suggestion unlikely for the following reasons. First, we consider this 430 end-member interpretation for absent IP25 to be less robust than that of ice-free 431 conditions, especially since IP25 has been identified in some regions of the central 432 Supplementary Fig. 4 ), which is difficult to rationalize in terms of permanent ice 442 conditions. In fact, despite their relatively low values, the individual HBI III 443 concentrations during these intervals are all higher than the mean value for the interval 444 117-30 ka (ca. 0.05 ng g -1 ), which is characterized mainly by variable seasonal sea ice 445 cover ( Supplementary Fig. 4) . Such an observation is, therefore, more consistent with 446 intervals of low/absent sea ice during MIS 5c, 5a and 3, and with generally lower SSST 447 and productivity compared to MIS 5e and the Holocene (vide supra), each of which are 448 bracketed by longer intervals of more extensive sea ice extent. Third, we note that 449 although HBI III was present in all surface sediments from across the Okhotsk Sea 450 (Supplementary Fig. 2 ), its concentration was highly dependent on location 451 (Supplementary Table 3 where climatic influences were considered to be the controlling factors of biomarker 468
distributions. As such, we conclude that the three intervals of absent IP25 during MIS 469 5c (~97 ka), 5a (~75 ka) and early MIS 3 (~55 ka) represent periods of low/absent sea 470 ice (as also seen in the modelled data), but otherwise relatively cool sea surface 471 conditions and low productivity. These intervals coincide with precession minima and 472 maximum insolation during autumn (Fig. 3B) , which contrasts intervals of IP25 473 occurrence when insolation was lower. Overall, the apparent local autumn insolation control on the sea ice extent in the 500 Okhotsk Sea suggests sensitivity to external (insolation) forcing. Further, since current 501 sea ice formation in the Okhotsk Sea generally occurs somewhat later than autumn 502 (typically in December), a further outcome of these findings is that any positive 503 identification of seasonal sea ice in the proxy (i.e. IP25) and modeled data likely implies 504 intervals of earlier freeze-up, at least compared to modern times. Consistent with this, 505 although IP25 is produced by certain diatoms during the spring, its sedimentary 506 occurrence normally reflects regions of autumn sea ice presence (see Belt and Müller, 507 2013 for a review). Precession filters also align well between IP25 data and the model-508 derived November sea ice index (Fig. 5) . However, the limited length and resolution of 509 the time series make quantification of (cross-)spectral analyses challenging, and results 510 rely mainly on the clear cyclic expression of proxy data as observed, filtered, and 511 compared to autumn insolation (Figs. 5, 6, 8) . which is present in MIS 3, 5a and 5c, ice-free conditions are paced by precession and 548 controlled by maximum autumn insolation (Fig. 6) . Our proxy-model results in the 549 central Okhotsk Sea therefore suggest that the major controlling factors of seasonal sea 550 ice extent are from both external orbital-driven insolation and internal CO2 551 concentration forcings on orbital timescales (Fig. 8) . On the other hand, the absence of 552 any clear relationship between sea ice and atmospheric CH4 (not shown) suggests that 553 methane was not a significant factor during these interglacials, at least. This is 554 potentially due to the fact that the total radiative energy variations from atmospheric 555 CH4 is believed to be less than 5% of the total radiative energy of greenhouse gases in 556 recent G/IG cycles (Lo et al., 2017) . 557 558
Orbital pacing and CO2 threshold mechanisms revealed by transient model 559 simulations 560
The model sensitivity runs deciphering the contributions of different climatic 561 forcings (orbital, CO2, and NH ice sheet) show that sea ice variations can be regarded 562 mainly as a superposition of the CO2 effect and orbital forcing, with a small contribution 563 from Northern Hemispheric ice sheets (Fig. 6B) . During the sea ice-free MIS 5e, (130-564 117 ka), autumn insolation varied by nearly 70 W m -2 , yet the November sea ice index 565 varied by less than 0.1 unit, suggesting that orbital forcing was muted during this period 566 of high atmospheric CO2 concentration (Figs. 6B, 8) . 567 
